We have studied theoretically how nonmagnetic dopants, which change the local coupling of spins to the host, affect the low-temperature thermodynamic characteristics of quasi-one-dimensional (Q1D) quantum spin antiferromagnets. Our theory qualitatively and, in some cases, quantitatively describe the behavior of the magnetic susceptibility and specific heat of the Q1D system BaCu Si
In recent years interest in quasi-one-dimensional (Q1D) antiferromagnetic quantum systems has grown considerably. These systems are interesting from the theoretical viewpoint, because one can check the predictions of exact theories by comparing them with experimental data. On the other hand, many Q1D compounds are known to belong to the class of copper oxides, the study of which is important in the connection with the high-T c superconductivity. However, most of the results of theories and experiments in this field have been pertained to homogeneous spin chains. At least for the theory, that is clearly because the study of strongly correlated electron systems with disordered parameters is probably the most difficult problem of quantum condensed matter physics. Experiments on Q1D quantum spin systems with disorder have been known since the 1970s; see, e.g., [1] [2] [3] . First the renormalization group approximate theories were used to describe them; see, e.g., [4] . Much later, exact Bethe ansatz theories were constructed [5] [6] [7] [8] , which have shown that the finite concentration of magnetic impurities in quantum spin chains fundamentally change the behavior of the low-temperature characteristics of those chains. Recently, the class of solid solutions of copper oxides BaCu Si Ge O 2 1 2 7
( ) -x x , which presents an almost ideal realization of quantum Q1D spin systems with disorder, was studied experimentally [9, 10] . The goal of our work is to study how the concentration of nonmagnetic dopants (which, probably, introduce randomness in the distribution of exchange constants between magnetic ions [9] in such systems) affect the low-temperature properties of Q1D quantum spin antiferromagnets and to compare our results with experiments.
We start with the consideration of the Hubbard-like model of electrons on a one-dimensional lattice with a random hopping of electrons between sites of the lattice due to dopants, the Hamiltonian of which has the form 
where a is the Bohr radius and E U 0~i s the effective binding energy of the localized electron. The hopping integrals are random because of the disorder of the distribution of dopants. Here we limit ourselves to consideration of the case in which the localized electrons are in the magnetic state, i.e., the valences of the sites are close to 1, because we are interested in the behavior of a spin chain with disorder. This condition is satisfied if t j j E U 
Homogeneous distributions of local potentials e e j = are supposed, and the low-energy cut-off D is used, as usual for the Kondo problem [12] . Defining
where J eff is the effective minimal exchange coupling of the magnetic moment of the localized electron to the chain, we obtain the distribution of local Kondo temperatures in the chain of correlated electrons
The divergence of P T K ( ) as T K ® 0 (due to the fac- 
was used in [1, 6, 8] without derivation. Notice that the energy parameter G of [6, 8] , where we used the
For a quantum antiferromagnetic spin-1/2 Heisenberg chain it is natural to connect the local Kondo temperature with the effective coupling of the magnetic impurity to the chain J i , by which the impurity is distinguished from other spins of the chain; cf. [6, 8] . We shall study the case 0 £ £
, where J is the value of the exchange interaction between neighboring spins in the homogeneous Heisenberg chain. Then the local Kondo temperature of such an impurity in the chain is equal to T v With the obtained distribution function of local Kondo temperatures for a one-dimensional correlated electron system with electrons in the magnetic state it is easy to get average characteristics of the disordered Heisenberg spin chain using exact results for a single magnetic impurity in a Heisenberg chain; see, e.g., [8] . 
Effect of doping on the magnetic ordering of quasi-one-dimensional antiferromagnets
The ground state average magnetization can be calcu-
. These weak powerlaw dependencies are related to Griffiths singularities [9] . In Fig. 2 we plotted this dependence and the approximate one, which follows from our theory (the log-log plot, as in Fig. 1 of [9] ).
The results agree reasonably well for l = 0 39
. (here we used J = 240 K of the case x = 0 [9] , which corresponds to v F » 377 K). It is easy to check that for l = 0 39
. , A = 1 and such a value for v F , the distributions agree for the value n = 0 5
. (see Fig. 1 ). It correlates well with the concentration of Ge, x = 0 5
. of the experiment [9] . For these values of parameters we have G » 201 K, i.e., our distribution is valid well above the upper limit of temperatures, considered in . is probably connected with the renormalization of not only n, but also v F and A (the doping in this case should be considered from the starting compound BaCu Ge O 2 2 7 , for which J = 500 K [9, 10] ). We emphasize that renormalization group-based theories like [4] do not give the explicit dependence of the critical behavior of thermodynamic characteristics of disordered quantum spin chains, while our theory produces results that agree using the low-temperature inelastic neutron scattering. Now, let us consider the behavior of Q1D quantum spin systems (i.e., with the interaction between chains being smaller than the coupling of spins along chains) with and without disorder. The magnetic susceptibility c q of a Q1D quantum spin system, consisting of spin chains, weakly coupled to each other by the weak exchange interaction J¢ in the random phase approximation reads c c c
where c 1 ( , )
k T is the susceptibility of each chain as a function of the wave vector k and temperature and z is the coordination number. If the denominator of Eq. (6) becomes zero, a phase transition to a magnetically ordered state takes place. The temperature of magnetic ordering T c is determined from the condition
Notice that such a definition of the temperature of magnetic ordering in quasi-one-dimensional quantum spin systems has been used succesfully not only qualitatively but also quantitatively in many theoretical and experimental studies; see, e.g., [14, 15] . Here one has to take the highest value of the magnetic susceptibility of the spin chain among those with different values of k. Consider first a ferromagnetic interaction between chains J¢ < 0, which corresponds to the case k = 0. Here we closely follow the ideas recently set forth in [14] . Such an interaction produces an antiferromagnetic ordering in the total system with magnetic moments alternating in the direction of chains [15] . (7), i.e., there is no magnetic ordering in such systems. For example, for a spin-1/2 Heisenberg Q1D system there is no such ordering for | | .
(we use units in which the Bohr magneton and g-factor are g B m =1). Consider now spin chains with magnetic impurities (let us limit ourselves with the most interesting case, in which there is no spontaneous magnetization in each chain, even in the ground state). Then, according to [5, 7, 8] , magnetic susceptibilities of each chain with single impurities are less than their maximal values, which are determined by the Kondo
const , Eq. (7) has also no solutions, and such a Q1D system is magnetically disordered. The same is true for spin chains with a weak disorder in the distribution of local Kondo temperatures of impurities (here by a weak disorder we mean narrow distributions with the values of the functions at their maxima being much larger than the values on their «tails»). For this case there is a maximum value of c 1 0 ( ) k = also, and Eq. (7) has no solutions for small | | J¢ . On the contrary, for chains with a strong disorder in distributions of local Kondo temperatures any, even a very weak coupling between chains | | J¢ produces magnetic ordering. The illustration of this consideration is depicted in Fig. 3 .
Hence, one is faced with the interesting situation: Magnetic ordering is caused by a disorder. For the Q1D system consisting of weakly coupled spin-1/2 antiferromagnetic chains with the strong disorder considered above we have c l l
the critical temperature can be evaluated as
How do impurities affect the critical temperature for J¢ > 0? This case produces alternating magnetic moments in all directions [15] , and it is necessary to consider the staggered magnetic susceptibility of antiferromagnetic chains, c p
Unfortunately, this situation cannot be studied in detail, as for J¢ < 0.
Only few results are known for the temperature behavior of the staggered magnetic susceptibility. However, for the most important case of the spin-1/2 Heisenberg antiferromagnetic chain we know that in the bosonization approximation c p [17] . Then the critical temperature is equal to
). T N can be larger than the impurity-renormalized critical temperature. Nevertheless, generally speaking, for some range of parameters T c can be larger for a system with disordered magnetic impurities than in the case of weakly coupled homogeneous antiferromagnetic chains. On the other hand, for different sets of parameters the disorder in the distribution of parameters of interactions between spins in spin chains can cause a substantial reduction of the Néel temperature.
Let us consider the quasi-one-dimensional system BaCu Si Ge O inhomogeneities decrease the critical temperature of the magnetic ordering. This our conclusion agrees qualitatively with the data of [9, 10] .
Summarizing, in this work we have studied how nonmagnetic dopants, which change the local coupling of spins to the host, affect low-temperature thermodynamic characteristics of Q1D quantum spin antiferromagnets. The results of our theory qualitatively and, in some cases, quantitatively describe the behavior of the magnetic susceptibility and specific heat of the Q1D system BaCu Si Ge O . We have shown that in some cases the strong disorder in the distribution of characteristics of magnetic impurities in quantum antiferromagnetic spin chains can be the cause of magnetic ordering, if such chains are weakly coupled to each other, while for homogeneous chains and chains with a weak disorder a small enough coupling between chains does not produce the magnetic ordering. For other values of the parameters, magnetic impurities can decrease the Néel temperature compared to that of the homogeneous Q1D spin system, which is the case for BaCu Si 
